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(54) Method for producing silicon ingot having directional solidification structure and apparatus 
for producing the same 

(57) The present invention provides a method for 
producing a silicon ingot having a directional solidifica- 
tion structure comprising the steps: placing a silicon raw 
material into a crucible of a melting device constructed 
by mounting a chill plate on an underfloor heater, 
mounting a crucible with a large cross-sectional area on 
the chill plate, providing an overhead heater over the 
crucible, and surrounding the circumference of the cru- 
cible with a heat insulator; heat-melting the silicon raw 
material by flowing an electric current through the 
underfloor heater and overhead heater; chilling the bot- 
tom of the crucible by halting the electric current through 
the underfloor heater after the silicon raw material has 
been completely melted to form a molten silicon; chilling 
the bottom of the crucible by flowing an inert gas 
through the chill plate; and intermittently or continuously 
lowering the temperature of the overhead heater by 
intermittently or continuously decreasing the electric 
current through the overhead heater, and an apparatus 
for producing the silicon ingot. 
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Descri ption 

BACKGROUND OF THE INVENTION 
5 1. Field of the Invention 

[0001] The present invention relates to a method for producing a silicon ingot having a directional solidification struc- 
ture with a suitable degree of orientation for producing a silicon substrate for use in photovoftaic solar cells, espeaally 
to a method for producing a silicon ingot having a directional solidrfication structure with a wide horizontal cross-sec- 
10 tional area and good degree of orientation. 

2. Description of the Related Art 

[0002] Silicon substrates comprising polycrystalline silicon have been known In the art as a kind of silicon substrate 
15 for use in photovoltaic solar cells. The silicon substrate comprising the polycrystalline silicon is produced by slicing a 
silicon ingot having a directional solidification structure. Although the silicon ingot having a directional solidification 
structure is thought to be cheaper than the single crystal silicon, many researches are under way for satisfying require- 
ments for much cheaper silicon substrates. 

[0003] FIG. 5 denotes an illustrative cross section for describing the method for producing a conventional silicon Ingot 

20 having a directional solidrfication structure. As shown in FIG. 5(a), the method comprises the steps of filling a raw silicon 
material 2 in a melting crucible 1, melting the raw silicon material 2 by heating the melting crucible 1 with an induction 
coll 3, and injecting the molten silicon 8 into a solidrfication crucible 4 as shown in FIG. 5{b). An insulating heater 5 is 
provided around the solidification crucible 4 and a baffle 6 for shielding the heat from the heater 5 is additionally pro- 
vided at the bottom er»d of the insulating heater 5. A chill plate 7 makes a contact with the bottom of the solidification 

25 crucible 4. The Injected molten silicon in the solidrfication crucible 4 starts to solidify from the bottom to the top since 
the bottom of the solidification crucible 4 is chilled with the chill plate 7. An elevator shaft 11 is further provided at the 
bottom face of the chill plate 7, a directional solidification structure 12 being grown over the entire region of the molten 
silicon liquid by allowing the molten silicon 8 to solidify from the bottom while the chill plate 7 is descending using the 
elevator shaft 11 at a velocity synchronising with the crystal growth speed of the nx)iten silicon. The silicon substrate 

30 for use in the photovoltaic solar cell is produced by slicing the silicone ingot after shaving off the side wall part of the 
silicon ingot, since the side wall of the silicon ingot having a directional solidification structure obtained as described 
above contains a high concentration of impurities introduced from the crucible 4 as well as a lot of distortion fault, 
[0004] However, when the silicon Ingot obtained has a small horizontal cross-sectional area, the horizontal cross-sec- 
tional area of the silicon ingot after shaving off the side wall part becomes still smaller along with increasing the silicon 

35 ingot side wall elimination ratio, making it impossible to effectively utilize the expensive silicon raw material. 

[0005] Accordingly, a silicon ingot having a directional solidification structure with a wide horizontal cross-sectional 
area as well as an excellent degree of orientation Is desired. However, when one attempts to produce a silicon Ingot 
having a wide horizontal cross-sectional area by the conventional production method in which the temperature is con- 
trolled by disposing heat generation sources on side faces, the degree of orientation along the vertical direction 

40 becomes poor due to temperature difference caused along the horizontal direction, making it impossible to obtain a sil- 
icon ingot having a suitable degree of orientation. 

SUMMARY OF THE INVENTION 

45 [0006] Accordingly, the object of the present invention is to provide a silicon ingot having a good degree of orientation 
with a wide horizontal cross-sectional area than the conventional silicon Ingot. 

[0007] In one aspect, the present invention provides a method for producing a silicon ingot having a directional solid- 
ification structure comprising the steps of: placing a silicon raw material Into a crucible of a melting device constructed 
by mounting a chill plate capable of chilling with a refrigerant on an underfloor heater, mounting the crucible on the chill 

50 plate, providing an overhead heater over the crucible, and surrounding the circumference of the crucible with a heat 
insulator; heat-melting the silicon raw material by flowing an electric current through the underfloor heater and overhead 
heater while halting refrigerant feed to the chill plate, followed by halting the electric current or decreasing the electric 
power through the floor heater after the silicon raw material has been completely melted, the molten silicon being chilled 
from the bottom of the crucrbie by chilling the chill plate by feeding the refrigerant; and intermittently or continuously low- 

55 ering the temperature of the overhead heater by Intermittently or continuously decreasing electric current through the 
overhead heater along with halting the electric current or decreasing the electric power through the floor heater. 
[0008] In another aspect, the present Invention provides an apparatus for producing a silicon ingot having a directional 
solidification structure equipped with an underfloor heater, a chill plate mounted on the floor heater, a crucible mounted 
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on the chill plate, an overhead heater provided over of the crucible and a heat insulator surrounding the circumference 
of the crucible. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0009] 

FIG. 1 denotes an illustrative cross section showing an apparatus for producing a silicon ingot having a directional 
solidification structure according to the present invention; 
10 FIG. 2 shows a cross section of the apparatus along the line A-A in FIG. 1 ; 

FIG. 3 denotes an illustrative cross section showing an apparatus for producing a silicon ingot having a directional 
solidification structure according to the present invention; 

FIG- 4 denotes an illustrative cross section showing an apparatus for producing a silicon ingot having a directional 
solidification structure according to the present invention; and 
15 FIG. 5 denotes an illustrative cross section showing an apparatus for producing a silicon ingot having a directional 
solidification structure and the method for melting the silicon ingot according to the conventional example. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

20 [0010] As shown in FIG. 1 , the silicon raw material is placed into a crucible of a melting device constructed by mount- 
ing a chill plate 15 on a underfloor heater 13, mounting a crucible 14 having a wide horizontal cross-sectonal area on 
the chill plate 15, providing an overhead heater 16 over of the cnjcible 14, and surrounding the circumference of the 
crucible 14 with a heat insulator 17. The silicon raw material is heat-melted by flowing an electric current through the 
underfloor heater 13 and overhead heater 16. A silicon ingot having a directional solidification stnjcture can be pro- 

25 duced by halting the electric current or reducing the electric power after completely melting the silicon raw material to 
form the molten silicon 8, followed by flowing an inert gas through the chill plate 15 to chill the molten silicon from the 
bottom of the crucible by chilling the bottom of the crucible, along with intermittently or continuously decreasing the tem- 
perature of the overhead heater 16 by intermittently or continuously reducing the electric current flow through the over- 
head heater 16. 

30 [0011] An underfloor heater 13, a chilled plate 15 mounted on the urderfloor heater 13, a crucible 14 mounted on the 
chilled plate 15, an overhead heater 1 6 provided over of the crucible and a heat insulator 17 around the circumference 
of crucible are provided in the apparatus for producing the silicon ingot having a directional solidrfication structure. 
[0012] A heat insulator mainly comprising fibrous carbon is used for the heat insulator 17 surrounding the circumfer- 
ence of the crucible 14. When silicon is melted in a crucible containing silica, SiO is formed by the following reaction: 

35 

Si02 + Si ^ 2SiO 

SiO and fibrous carbon undergoes a reaction represented by the following formula: 

40 SiO + 2C SiC + CO 

The CO gas generated reacts with molten SI by the reaction represented by the following formula, leaving SiC in the 
molten Si to sometimes form a silicon ingot in which SiC is left behind. 

45 C0-^Si(1)^[0]T + SiC 

A large quantity of SiC remains especially when a thick silicon ingot is produced because molten state of silicon is 
required to be kept for a long period of time. It is not preferable to produce a photovoltaic solar cell using a silicon ingot 
in which SiC is left behind since photovoltaic conversion efficiency is deteriorated. Accordingly, it is necessary for pre- 
50 venting SiC from being remained in the silicon ingot that the CO gas generated by reacting with carbon in the heat insu- 
lator is protected from contacting and reacting with the molten silicon in the crucible by maintaining an inert gas 
atmosphere in the crucible during melting of silicon. Consequently it is more preferable to maintain the inert gas atmos- 
phere in the crucible during melting of silicon by feeding an inert gas from an inert gas feed device 23 into the crucible 
as shown in FIG. 3. 

55 [0013] The method for producing the silicon ingot having a directional solidification structure as shown in FIG. 3 com- 
prises the steps of: 

placing a silicon raw material into a crucible 14 of a melting device constructed by mounting a chill plate 15 capable 
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of chilling with a refrigerant on an underfloor heater 13, mounting the crucible 14 on the chill plate 15, providing an 
overhead heater 16 over of the crucible 14, and surrounding the circumference of the crucible 14 with a heat insu- 
lator 17; 

heat-melttng the silicon raw material by flowing an electric current through the underfloor heater 13 ard overhead 
5 heater 16 while halting refrigerant feed to the chill plate 15. followed by halting the eiectric current or decreasing the 

electric power through the underfloor heater 1 3 after allowing the silicon raw material to completely melt, the molten 
silicon being chilled from the bottom of the crucible by chilling the chill plate 15 by feeding the refrigerant; and 
intermittently or continuously lowering the temperature of the overhead heater 16 by intermittently or continuously 
decreasing the electric current through the overhead heater 16 along with halting the electric current or decreasing 
10 the electric power through the floor heater. 

[0014] The apparatus for producing the silicon ingot having a directional solidification structure is equipped with an 
underfloor heater 13, a chill plate 15 mounted on the underfloor heater 13, a crucible 14 mounted on the chill plate 15, 
an overhead heater 1 6 provided over of the crucible, an heat insulator surrounding the circumference of the crucible and 

75 a gas feed device 23 for feeding an inert gas into the crucible. 

[0015] The surface of the molten silicon is preferably maintained in a liquid state in order to sufficiently allowing the 
molten silicon in the crucible to uniaxially solidify. Therefore, it is preferable to maintain the atmosphere in the crucible 
under a high temperature inert gas atmosphere heated at a temperature higher than the melting point of silicon. Accord- 
ingly, an inert gas heating device 27, having a pre-heating chamber 24 inside of which a pre-h eater 25 for heating the 

20 inert gas fed from the inert gas feed device 23, is preferably provided as shown in FIG. 3, thereby feeding the inert gas 
heated with the inert gas heating device 27 into the crucible through a discharge pipe 26. Especially when a terrpera- 
ture sensor 28 is provided at the discharge pipe 26, the temperature of the inert gas flowing out of the discharge pipe 
26 can be readily controlled with a program for synchronized with the temperature of the overhead heater 16. Since the 
discharge pipe is always exposed to high temperature, it is preferably made of a heat resistant pipe, pipes made of Mo, 

25 C, AI2O3 and SiC being especially preferable as a heat resistant pipe. 

[0016] As shown in FIG. 3, the silicon ingot having a directional solidification structure is also produced by the steps 
comprising: 

placing a silicon raw material into a crucible 14 of a melting device constructed by mounting a chill plate 15 capable 
30 of chilling with a refrigerant on an underfloor heater 1 3, mounting the crucible 14 on the chill plate 15, providing an 
overhead heater 16 over of the crucible 14, and surrounding the circumference of the crucible 14 with a heat insu- 
lator 17; 

heat-melting the silicon raw material in the crucible maintained under a Ngh temperature inert gas atmosphere 
heated at a temperature higher than the melting point of silicon by flowing an electric current through the underfloor 
35 heated 1 3 and overhead heater 1 6 while halting refrigerant feed to the chill plate 1 5, followed by halting the electric 

current or decreasing the electric power through the underfloor heater 13 after completely melting the silicon raw 
material along with chilling the chill plate 15 by feeding the refrigerant to chill the molten silicon from the bottom of 
the crucible; and 

intermittently or continuously decreasing the temperature of the overhead heater 16 by intermittently or continu- 
40 ously reducing the electric current through the overhead heater 16 along with halting the electric current or 

decreasing the electric power through the underfloor heater. 

[001 7] The apparatus for producing the ingot having a directional solidification structure is provided with an underfloor 
heater 13, a chill plate 1 5 mounted on the underfbor heater 13, a crucible 14 mounted on the chill plate 15, a overhead 
45 heater 16 provided over of the crucible, an inert gas feed device 23 for feeding an inert gas to the crucible and an inert 
gas pre-heating device 27. 

[0018] While water or an inert gas (Ar and He are preferable as an inert gas) are preferably used for the refrigerant 
to be fed to the chill plate 15 in FIG. 1 and FIG. 3, the inert gas used for chilling the chill plate 15 is allowed to be fed 
into the crucible through a gas passage 29 as shown in FIG. 4 when the inert gas is used for the refrigerant for chilling 

50 the chill plate 15, thereby allowing the inert gas used for chilling the chill plate 15 to recycle for maintaining an inert gas 
atmosphere in the crucible. The silicon raw materia! in the crucible is heat-melted by flowing an electric current through 
the underfloor heater 1 3 and overhead heater 1 6 while turning the valve 31 to the position as indicated in FIG. 4. A small 
quantity of the inert gas is fed into the crucible through the gas passage 29 so that the chill plate is not chilled during 
heat-melting of the silicon raw material. A high temperature inert gas atmosphere in the crucible can be maintained by 

55 feeding the inert gas into the crucible after heating the gas with the pre-heater 30. 

[001 9] When the silicon raw material has been completely melted, the electric current through the underfloor heater 
is hatted or the electric power is decreased along with feeding a large amount of the inert gas to the chill plate to cool 
the chill plate 1 5 in order to chill the molten silicon from the bottom of the crucible. Most of the inert gas used for chilling 
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the chill plate 1 5 is discharged from an outlet 32 by switching the position of the ^alve 31' but a part of the inert gas used 
for chilling the chill plate is fed into the crucible through the gas passage 29 while heating the gas with a pre-heater 30 
integrated around the gas passage 29, thereby allowing the high temperature inert gas atmosphere to be maintained 
in the crucible. Only a part of the inert gas used for chilling the chill plate is recycled because, when the feed volume of 
the inert gas is too large, the gas can not be kept at a high temperature. 

[0020] Accordingly, the silicon ingot having a directional solidification structure is produced, as shown in FIG, 4, by 
the steps comprising: 

placing the silicon raw material into a crucible of the melting device constructed by mounting a chill piate 1 5 capable 
of chilling with the inert gas on the underfloor heater 13, mounting the crucible 14 on the chill plate 15, providing an 
overhead heater 1 6 over the crucible 14 and surrounding the circumference of the crucible 14 with a heat insulator 
17; 

feeding a small amount of the inert gas with heating into the crucibie through the gas passage 29 so that the chill 
plate 1 5 is not chilled with the gas along with heat-melting the silicon raw material in the crucible by flowing an elec- 
tric cun-ent through the underfloor heater 13 and overhead heater 16, followed by halting the electric cun-ent or 
decreasing the electric power through the underfloor heater 13 after completely melting the silicon raw material 
along with chilling the chill plate 1 5 by feeding the inert gas to chill the molten silicon from the bottom of the crucible, 
a part of the inert gas used for chilling the chill plate 13 being fed into the crucibie to maintain an inert gas atmos- 
phere in the crucible; and 

Intermittently or continuously lowering the temperature of the overhead heater by intermittently or continuously 
reducing the electric current through the overhead heater along with halting the electric current or decreasing the 
electric power through the underfloor heater along with intermittently or continuously reducing the electric current 
through the overhead heater. 

[0021] The apparatus for producing the silicon ingot having a directional solidification structure is provided with an 
underfloor heater 13, a chill plate 15 mounted on the underfloor heater 13, a crucible 14 mounted on the chill plate 15, 
an over head heater 16 provided over of the crucible 14 and a heat insulator 17 surrounding the circumference of the 
crucible 14. further provided with a gas passage 29 for flowing the inert gas for recycling the inert gas used for chilling 
the chill plate and a pre-heater 30 integrated around the passage 29 for heating the recycling inert gas. 
[0022] The present invention will be described in more detail referring to FIG. 1 to FIG. 4. 

[0023] The apparatus for producing the silicon ingot shown in FIG. 1 , constructed by mounting a chill plate 1 5 on an 
underfloor heater 1 3, mounting a crucible 14 with large cross-sectional area on the chill plate 1 5, providing an overhead 
heater 1 6 over of the crucible 1 4 and surrounding the circumference of the crucible 1 4 with a heat insulator 1 7, is placed 
in a chamber (not shown in the drawing) capable of controlling the atmosphere so as to prevent the silicon raw material 
during melting from being oxidized. The silicon raw material is spread on the bottom of the crucible 14 and is heat- 
melted by flowing an electric current through the underfloor heater 13 and overhead heater 16. 
[0024] The silicon raw material is allowed to completely meft to form a molten silicon 8, which is then cooled from the 
bottom of the crucibie by halting the electric current or reducing the electric power through the underfloor heater 13 
along with chilling the bottom of the crucible by flowing the refrigerant through the chill plate 15 to generate a directional 
solidification structure 12. Meanwhile, when the temperature of the overhead heater 16 is intermittently or continuously 
lowered by intermittently or continuously reducing the electric current through the overhead heater 16, the directional 
solidification structure 12 is further grown upward, enabling to produce a silicon ingot having a directional solidification 
structure with a large horizontal cross-sectional area. 

[0025] The chill plate containing a hollow part 18 has a construction in which a plurality of props are attached in the 
hollow part 18 of the chill plate 15 aligned in parallel relation with each other along the direction perpendicular to the 
thickness of tine chill plate 15. FIG. 2 shows a cross section of the manufacturing apparatus along the line A-A in FIG. 
1 As shown in FIG. 1 and FIG. 2, a refrigerant inlet 21 is provided at the center of the chill plate 1 5 and a feed pipe 22 
is connected to the refrigerant inlet 21 . A plurality of refrigerant outputs 20 are provided at the side wall of the chill plate 
15. The chill plate 15 provided with the refrigerant inlet 21 at its center preferably assumes a disk shape, a plurality of 
props 19 being disposed in concentric relation so that they are not placed to be adjacent along the radius direction with 
each other The larger number of the props 19 allows chilling efficiency with the refrigerant to be improved, along with 
improving transfer efficiency of the heat from the undertloor heater 13. 

[0026] While water is usually used for the refrigerant to be fed to the chill plate 15, it is preferable to use an inert gas. 
most preferably Ar, in the present invention. When the inert gas is fed to the refrigerant inlet 21 provided at the center 
of the chill plate 15, the gas flows through the spaces among the props 19 and is discharged from a plurality of refrig- 
erant outlets 20. Any heater can be used for the underfloor heater 1 3 and overhead heater 16, provided that the heaters 
are able to heat along a plane surface, and the structure and kind of the heater are not especially limited. A carbon heat- 
ing element processed into a flat shape is preferably used for the underfloor heater 13 and overhead heater 16 in the 
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apparatus for producing the silicon ingot according to the present invention. 

[0027] Although a heat insulator comprising fibrous carbon is frequently used for the heat insulator 1 7, SiC is possibly 
remained when silicon is melted in a silica crucible insulated with the fibrous carbon. Because the silicon substrate pro- 
duced from an ingot in which SiC is remained has poor photovoltaic conversion efficiency, it is preferable that an inert 
5 gas feed device for feeding an inert gas in the crucible is provided in order to maintain an inert gas atmosphere in the 
crucible while silicon is melting, thereby preventing SiC from being remained. 

[0028] FIG. 3 shows an apparatus for producing the silicon ingot having a directional solidification structure according 
to the present invention, wherein an inert gas feed device for feeding an inert gas into the crucible and an inert gas pre- 
heating device are further added to the apparatus shown in FIG. 1. Descriptions with respect to the functions of the 

10 parts other than the inert gas feed device 23 and inert gas pre-heating device 27 in the apparatus shown in FIG. 3 are 
omitted herein since the functions of the apparatus are the same as those of the apparatus in FIG. 1 except the inert 
gas feed device 23 and inert gas pre-heating device 27. The inert gas fed from the inert gas feed device 23 is fed into 
the crucible after being heated with the inert gas pre-heating device 27 as shown in FIG. 3, maintaining a high temper- 
ature (the temperature to allow silicon to melt, preferably 1450 to 1600°C) inert gas atmosphere in the crucible. A pre- 

15 heater 25 for heating the inert gas fed from the inert gas feed device 23 and a pre-heating chamber 24 are provided in 
the inert gas preheating device 27. the inert gas preheated in the inert gas pre-heating device 27 being fed into the 
crucible through the discharge pipe 26. 

[0029] FIG. 4 shows an apparatus for producing the ingot having a directional solidification structure according to the 
present invention, wherein means for feeding a part of the inert gas used for chilling the chill plate 15 into the crucible 
20 after heating as well as for maintaining an inert gas atmosphere in the crucible by recycling the inert gas are added to 
the apparatus shown in FIG. 1 . The functions of the part of the apparatus in FIG. 4 other than the part used for recycling 
the inert gas are omitted herein since the functions are the same as those of the apparatus in FIG. 1 except the part 
used for recycling the inert gas. 

[0030] In the apparatus for producing the silicon ingot having a directional solidification structure shown in FIG. 4, a 
25 small amount of the inert gas not allowing the chill plate 15 to be chilled is fed into the crucible from the feed pipe 22 
through the gas passage 29 while silicon in the crucible is heat-melting by flowing an electric current through the under- 
f loor heater 1 3 and overhead heater 1 6. The inert gas to be fed for the purpose above is fed into the crucible again after 
heating with a pre-heating coil 30. After allowing the silicon raw material to completely melt, the molten silicon is chilled 
from the bottom of the crucible by halting the electric current or reducing the electric power through the underfloor 
30 heater along with by feeding a large amount of the inert gas to the chill the molten silicon from the bottom of the crucible 
by chilling the chill plate 15. Most of the inert gas used for chilling the chill plate 15 is discharged from the outlet 32 but 
a small portion of the inert gas used for chilling the chill plate 15 is fed into the crucible after heating the gas with the 
pre-heating coil 30 integrated around the gas passage 29. An appropriate valve operation such as switching the posi- 
tion of the valve 31 ' allows a small portion of the inert gas used for chilling the chill plate to be fed to the gas passage 29. 

35 

(Example 1) 

[0031] An apparatus for producing the ingot as shown in FIG. 1 was prepared by mounting a chill plate 15 having a 
hollow part 18 on an underfloor heater 13, moiffiting a tray-shaped silica crucible 14 with a depth of 300 mm, an inner 

40 diameter of 400 mm and an outer diameter of 450 mm on the hollow chill plate 15, providing an overhead heater 1 6 over 
the silica crucible 14 and surrounding the circumference of the crucible 14 with a heat insulator 17. 
[0032] A large horizontal cross -sectional area silicon ingot having a directional solidification structure with an inner 
diameter of 200 mm and outer diameter of 400 mm was produced by the steps comprising: placing a silicon raw mate- 
rial in a tray-shaped silica crucible 14 equipped in the apparatus for producing the silicon ingot; heat-melting the silicon 

45 raw material by f towing an electric current through an underfloor heater 13 and overhead heater 1 6 after maintaining an 
Ar gas atmosphere in the crucible; halting the electric current of the underfloor heater 13 followed by flowing the Ar gas 
in order to chill the molten silicon from the bottom of the crucible by flowing Ar gas through the chill plate 15 having a 
hollow part 18; and continuously lowering the temperature of the overhead heater 16 by continuously reducing the elec- 
tric current through the overhead heater 16. 

50 [0033] The degree of orientation of this large horizontal cross-sectional area silicon ingot having a directional poly- 
crystalline solidification structure was evaluated, and a square-shaped polycrystalline silicon substrate with a dimen- 
sion of 150 mm x 150 mm processed from the foregoing ingot was integrated into a solar cell to measure its photovoltaic 
conversion efficiency The results of evaluation and measurements are listed in TABLE 1. 

55 (Conventional Example 1) 

[0034] The silica crucible with a depth of 300 mm, an inner diameter of 400 mm and an outer diameter of 450 mm 
was mounted on a chill plate 7 shown in FIG. 5(b). A large horizontal cross-sectional area silicon ingot having a direc- 
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tional polycrystalltne solidrfication structure with the same thickness of 200 mm and outer diameter of 400 mm as in 
Example 1 was produced by the steps comprising: melting the silicon raw materia! in a conventional silica crucible 1 
shown in FIG. 5(a); pouring the molten silicon obtained into the tray-shaped silica crucible as described above; 
descending the tray-shaped silica crucible filled with the molten silicon at a speed synchronizing with the crystal growth 
5 speed of the molten silicon using an elevator shaft 11 together with the chill plate 7; and allowing a directional solidrfi- 
cation structure 1 2 to grow over the entire region of the molten silicon. The degree of orientation of this large horizontal 
cross-sectional area silicon ingot having a directional polycrystalline solidification structure was evaluated, and a poiy- 
crystalline silicon substrate subjected to cutting processing of the foregoing ingot was integrated into a solar cell to 
measure its photovoltaic conversion efficiency. The results of evaluation and measurements are listed in TABLE T 

70 

(Example 2) 

[0035] As shown in FIG. 3, a wide horizontal cross-sectional area silicon ingot having a directional solidification struc- 
ture with an inner diameter of 200 mm and outer diameter of 400 mm was produced by the steps comprising: heating 

75 the Ar gas fed from an inert gas feed device 23 at a temperature of 1500°C with an inert gas pre-heating device 23; 
completely melting the silicon raw material by flowing an electric cun-ent through an underf loor heater 1 3 and overhead 
heater 16 while continuously feeding the heated Ar gas into the crucible; halting the electric current of the underfloor 
heater 13 followed by flowing the Ar gas to the chill plate 15 having a hollow part 18 to chill the molten silicon from the 
bottom of the crucible; and continuously lowering the temperature of the overhead heater 1 6 by continuously reducing 

20 the electric power through the overhead heater 16. 

[0036] The degree of orientation of this wide horizontal cross-sectional area silicon ingot having a directional poly- 
crystalline solidification structure was evaluated, and a square-shaped polycrystalline silicon substrate with a dimen- 
sion of 1 50 mm x 1 50 mm processed from the foregoing ingot was integrated into a solar cell to measure its photovoltaic 
conversion efficiency The results of evaluation and measurements are listed in TABLE 1. 

25 

(Example 3) 

[0037] A molten silicon 8 was produced by completely melting the silicon raw material by flowing an electric current 
through an underfloor heater 1 3 and overhead heater 1 6 as shown in FIG. 4. The electric current through the underfloor 

30 heater 13 was halted followed by chilling the bottom of the silica crucible by flowing the Ar gas through a chill plate 15 
having a hollow part 18 to chill the molten silicon from the bottom of the crucible. The temperature of an overhead heater 
1 6 was continuously lowered by continuously reducing the electric current through the overhead heater 1 6. An amount 
of the Ar gas as small as not to chill the chill plate was fed from a feed pipe 22 and the gas was discharged from a refrig- 
erant exit 20 through the hollow part 18 of the chill plate 15. An Ar gas atmosphere was maintained in the crucible by 

35 feeding the Ar gas into the crucible while heating the gas at a temperature of 1500*C with a pre-heating coil 30 by pass- 
ing through the gas passage 29. A small portion of the Ar gas used for chilling the chill plate 1 5 was fed into the crucible 
through the gas passage 29 while heating the gas at the same temperature as the temperature of the overhead heater 
with the pre-heater 30 during the period of chilling the bottom of the silica crucible, thereby maintaining an Ar atmos- 
phere in the crucible. 

40 [0038] A wide cross-sectional area silicon ingot with a thickness of 200 mm and an outer diameter of 400 mm having 
a directional polycrystalline solidrfication structure was produced by the method as described above. The degree of ori- 
entation of this silicon ingot was evaluated. A square-shaped polycrystalline silicon substrate with a dimension of 150 
mm X 1 50 mm processed from the foregoing ingot was integrated into a solar cell to measure its photovoltaic conversion 
efficiency The results of evaluation and measurements are listed in TABLE 1. 

45 



TABLE 1 



Kind of ingot 


Ori entation of directional 
solidified structure 


Photovoltaic conversion 
efficiency (%) 


Silicon ingot obtained in Example 1 


good 


13.2 


Silicon ingot obtained in Example 2 


good 


15-2 


Silicon ingot obtained in Example 2 


good 


14.1 


Silicon ingot obtained in Conventional Example 


insufficient 


11.0 



[0039] As evident from the results listed in TABLE 1, the wide cross-sectional area silicon ingot having a directional 
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solidification structure produced according to the present invention has a suitable degree of orientation. In addition, a 
polycrystalline silicon substrate having an excellent photovoltaic conversion efficiency can be produced from this silicon 
ingot, whereas a silicon ingot having a polycrystalline solidiftcation structure can not be produced by the conventional 
method, making it impossible to produce a polycrystalline silicon ingot having an excellent photovoltaic conversion effi- 
ciency. 

[0040] The present invention enables a silicon ingot having a directional solidrfication structure with a low production 
cost using a crucible, being especially effective in producing a wide horizontal cross-sectional area silicon ingot having 
a directional solidification structure with a low production cost using a crucible having a wide cross-sectional area. 

Claims 

1. A method for producing a silicon ingot having a directional solidrfication structure comprising the steps of: 

placing a silicon raw material into a crucible of a melting device constructed by mounting a chill plate capable 
of chilling with a refrigerant on an underfloor heater, mounting the crucible on the chill plate, providing an over- 
head heater over of the crucible, and surrounding the circumference of the crucible with a heat insulator; 
heat-melting the silicon raw material by flowing an electric current through the underfloor heater and overhead 
heater while halting refrigerant feed to the chill plate, followed by halting or decreasing the electric current 
through the underfloor heater after the silicon raw material has been completely melted, the molten silicon 
being chilled from the bottom of the crucible by chilling the chill plate by feeding the refrigerant; and 
Intermittently or continuously lowering the temperature of the overhead heater by intermittently or continuously 
decreasing the electric current through the overhead heater along with halting the electric current or decreas- 
ing the electric power through the underfloor heater . 

2. A method for producing a silicon Ingot having a directional solidrfication structure comprising the steps of: 

placing a silicon raw material into a crucible of a melting device constructed by mounting a chill plate capable 
of chilling with a refrigerant on an underfloor heater, mounting the crucible on the chill plate, providing an over- 
head heater over of the crucible, and surrounding the circumference of the crucible with a heat insulator; 
heat-melting the silicon raw material in a crucible maintained under an inert gas atmosphere by flowing an 
electric current through the underfloor heater and overhead heater while halting refrigerant feed to the chill 
plate, followed by halting the electric current through ttie underftoor heater after the silicon raw material has 
been completely melted, the molten silicon being chilled from the bottom of the crucible by chilling the chill 
plate by feeding the refrigerant; arxl 

Intermittently or continuously lowering the temperature of the overhead heater by intermittently or continuously 
decreasing the electric current through the overhea heater along with hatting the electric current or decreasing 
the electric power through the underfloor heater . 

3. A method for producing a silicon ingot having a directional solidification structure according to Claim 2, wherein the 
inert gas atmosphere in the crucible is a high temperature inert gas atmosphere. 

4. A method for producing a silicon ingot having a directional solidification structure comprising the steps of: 

placing a silicon raw material into a crucible of a melting device constructed by mounting a chill plate capable 
of chilling with the inert gas on an underfloor heater, mounting the crucible on the chill plate, providing an over- 
head heater over the crucible, and surrounding the circumference of the crucible with a heat insulator; 
heat-melting the silicon raw material in the crucible by flowing an electric current through the underfloor heater 
and overhead heater while maintaining an inert gas atmosphere In the crucible by feeding a small amount of 
the inert gas not allowing the chill plate to be chilled into the crucible through a gas passage, followed by halting 
the electric current or decreasing the electric power through the underfloor heater after the silicon raw material 
has been completely melted along with chilling the molten silicon from the bottom of the crucible by feeding a 
large amount of the inert gas to the chill plate, maintaining the inert gas atmosphere in the crucible by feeding 
a part of the inert gas used for chilling the chilling plate Into the crucible; and 

intermittently or continuously lowering the temperature of the overhead heater by intermittently or continuously 
decreasing the electric current through the overhead heater along with halting the electric current or decreas- 
ing the electric power through the underfloor heater . 

5. A method for producing a silicon ingot having a directional solidrfication structure according to Claim 4, wherein a 
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high temperature inert gas atmosphere in the crucible is maintained by feeding a part of the pre-heated inert gas 
used for chilling the chill plate into the crucible . 

6. A method for producing a silicon ingot having a directional solidification structure, wherein the chill plate to be used 
£ in the method tor producing the silicon ingot having a directional solidification structure according to Claim 1, 2, 3, 

4 or 5 has a hollow , the chill plate having a construction in which a plurality of props are attached inside along the 
direction parallel to the thickness of the chill plate. 

7. An apparatus for producing a silicon ingot having a directional solidification structure equipped with an underfloor 
70 heater, a chill plate mounted on the floor heater, a crucible mounted on the chill plate, an overhead heater provided 

over the crucible and a heat insulator surrounding the circumference of the crucible. 

8. An apparatus for producing a silicon ingot having a directional so I id rfi cation structure equipped with an underfloor 
heater, a chill plate mounted on the floor heater, a crucible mounted on the chill plate, an overhead heater provided 

75 over of the crucible and a heat insulator surrounding the circumference of the crucible, further provided with an inert 
gas feed device for maintaining an inert gas atmosphere in the crucible. 

9. An apparatus for producing a silicon ingot having a directional solidification structure equipped with an underfloor 
heater, a chill plate mounted on the floor heater, a crucible mounted on the chill plate, an overhead heater provided 

20 over the crucible and a heat insulator surrounding the circumference of the crucible, further provided with an inert 

gas feed device for maintaining an inert gas atmosphere in the crucible and an inert gas pre-heating device pro- 
vided with a pre-heating chamber including a pre-heater for heating the inert gas fed from the inert gas feed device. 

10. An apparatus for producing a silicon ingot having a directional solidification structure equipped with an underfloor 
25 heater, a chill plate mounted on the floor heater, a crucible mounted on the chili plate, an overhead heater provided 

over the crucible and a heat insulator surrounding the circumference of the crucible, further provided with a gas 
passage so as to recycle the inert gas used for chilling the chill plate and a pre-heating coil provided around the 
gas passage for heating the recycling inert gas. 

30 11 . An apparatus for producing a silicon ingot having a directional solidification structure according to Claim 7, 8. 9 or 
10, wherein the chill plate has a hollow part inside of which a plurality of props are attached along the direction pral- 
lel to the thickness of the chill plate. 
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